Introduction {#Sec1}
============

Definition {#Sec2}
----------

The term myocarditis describes the presence of inflammatory cells in the myocardium. This descriptive diagnosis encompasses a wide spectrum of etiologically different diseases that share, as a unique criterion, the presence of myocardial inflammation \[[@CR1]\] (Fig. [4.1](#Fig1){ref-type="fig"}). The term, however, does not specify the type of inflammation, the nature of inflammatory cells, and the cause. In clinical practice, the diagnosis of myocarditis implies that the observed phenotype is attributable to the inflammation of the myocardium or that the myocardial inflammation constitutes a "comorbidity" or "complication" of preexisting known heart disease, even of a non-inflammatory nature \[[@CR2]\].Fig. 4.1The figure shows the typical features of acute lymphocytic myocarditis in an endomyocardial biopsy of a young male patient presenting with acute heart failure and elevated troponin levels

Immunocompetent Cells in Myocardial Tissue {#Sec3}
------------------------------------------

Unlike other organs and tissues, the myocardium does not host lymphoid tissue (e.g., BALT in lung, MALT in gastrointestinal tract) and does not possess resident "reticulo-endothelial (RE)" cells (e.g., liver and spleen), such as alveolar macrophages in the lung, glia cells in the brain, or glomerular-mesangial cells in the kidney. However, a fair amount of steady-state, resident macrophages is present in myocardial tissue \[[@CR3], [@CR4]\]. These macrophages originate from yolk sac and fetal monocytic progenitors and are either replenished by local proliferation in infancy \[[@CR3]\] or by blood monocytes in adulthood \[[@CR4]\]. At birth, resident macrophages express major histocompatibility complex class II (HLA II) molecules and the CX3CR1+ Fractalkine receptor and are therefore distinct from conventional αE integrin CD103+ dendritic cells \[[@CR5]\]. With age, the number of HLA II macrophages increases while the number of CX~3~CR~1~+ macrophages decreases \[[@CR6]\]; the proliferation capacity of embryo-derived cardiac macrophages progressively declines after the perinatal period \[[@CR6]\]. Cardiac-resident macrophages display distinct functional properties from those of monocyte-derived macrophages in cardiac tissue. Resident macrophages interweave a complex molecular dialogue with cardiac myocytes, likely mediated by cytokines; macrophages can modulate the different signals that originate from the injured cardiac tissue \[[@CR7]\]. In cardiac inflammatory diseases, resident macrophages likely participate in attracting circulating monocytes and other inflammatory cells, depending on the local signal triggering the inflammation \[[@CR8]\]. Therefore, the myocardial tissue is not lacking in its own immune defenses, but it does not have a structured RE system like other organs that are much more commonly the target of infections.

Why Does Myocardial Tissue Trigger Inflammation? {#Sec4}
------------------------------------------------

Myocardial tissue becomes a target of inflammation when it has to repair tissue damage (e.g., acute myocardial infarction or toxic necrosis), if the myocytes are infected by cardiotropic pathogens (infective myocarditis) or in an allogeneic condition (e.g., transplant), if other cardiac structures (valves or pericardium) become targets of inflammation due to self/pathogen mimicry mechanisms (e.g., rheumatic fever), or become self-reactive as in immune-mediated myocarditis, or if genetic defects induce deficiency of the immunologic system (e.g., primary immunodeficiency and auto-inflammatory diseases). The understanding of mechanisms of myocardial inflammation in infectious and non-infectious myocarditis is challenging, as it is difficult to understand whether individual constitutional gene variants can influence these mechanisms. In fact, it is noted that individuals exposed to the same pathogens may or may not develop myocarditis, even within the same environmental exposure context. This is one of the reasons why the search for predisposing genetic factors continues to attract the interest of researchers.

*In this chapter*, we will briefly review the main types of myocarditis and discuss individual genetic susceptibility to different types of myocarditis from both a clinical and research development perspective. Each type of myocarditis is reviewed in other chapters of this book.

Is Myocarditis a Genetic Disease? {#Sec5}
=================================

Overall, myocarditis can be simply grouped by infectious, non-infectious (autoimmune, immune-mediated, or auto-inflammatory), and toxic etiologies (Table [4.1](#Tab1){ref-type="table"}). Infectious myocarditis can be caused by DNA and RNA viruses, bacteria, fungi, protozoa, and helminths. The most common causes of infectious myocarditis in both children and adults are cardiotropic viruses \[[@CR9]\]. Non-viral cardiotropic infections such as *Trypanosoma Cruzi* (Chagas disease) \[[@CR10]\] and *Borrelia burgdorferi* (Lyme disease) \[[@CR11]\] can affect immune-competent individuals in endemic areas. In immunocompromised patients, typically heart transplant recipients, the most common opportunistic infections include the human cytomegalovirus (HCMV) and Toxoplasma gondii. The state of knowledge on the etiology, diagnosis, management, and therapy of myocarditis and that on the diagnosis and management of myocardial involvement in systemic immune-mediated diseases are reported in two position statements of the European Society of cardiology \[[@CR12], [@CR13]\].Table 4.1Possible causes of myocarditis or diseases in which myocarditis can occurInfectiousNon-infectious-toxicAdaptive immunity diseasesInnate immunity Mendelian dis.RNA VirusesDNA VirusesBacteriaProtozoa/helminths/fungiHeritable infectiousMedicationsToxic agents/poisons/physical agents/drugsAutoimmune/immune-mediatedAuto-inflammatoryPrimary immunodeficiencies• Coxsackieviruses A and B• Echoviruses• Polioviruses• Influenza A and B viruses• Respiratory syncytial virus• Mumps virus• Measles virus• Hepatitis C virus• Dengue virus• Yellow fever virus• Chikungunya virus• Junin virus• Lassa fever virus• Rabies virus• Rubella virus• Human immunodeficiency virus-1• Coronavirus^a^ (MeRS-CoV)• Cardiovirus B (Saffold virus, SAFV)• Adenoviruses• Parvovirus B19• Human cytomegalovirus• Human herpes virus-6• Epstein-Barr virus• Varicella-zoster virus• Herpes simplex virus• Variola virus• Vaccinia virus• Polyoma virus• Trichodysplasia spinulosa-associated polyomavirus (TSV)^b^• Staphylococcus• Streptococcus• Pneumococcus• Meningococcus• Gonococcus• Salmonella• Corynebacterium diphtheriae• Haemophilus influenzae• Leptospira (Weil disease)• Borrelia Burgdorferi (Lyme disease)• Neisseria• Mycobacterium (tuberculosis),• Mycoplasma pneumoniae,• Brucella• Tropheryma whipplei• Trypanosoma cruzi (Chagas disease)• Toxoplasma gondii• Entamoeba histolytica• Leishmania• Echinococcus• Trichinella• Taenia solium• Fungal• Aspergillus,• Actinomyces,• Blastomyces,• Candida,• Coccidioides,• Cryptococcus,• Histoplasma,• Mucormycosis,• Nocardia,• Sporothrix• Chromosomally-integrated HHV-6 (ciHHV-6):• Myocarditis• Organ and HSCT• Transplant• Penicillin,• Phenylbutazone,• Methyldopa,• Thiazide diuretics,• Amitriptyline• Cefaclor• Colchicine• Furosemide• Isoniazid• Lidocaine• Tetracycline• Phenytoin• Sulfonamides• Phenylbutazone• Methyldopa• Thiazide diuretics• Dobutamine• Clozapine• Amitriptyline• Interleukin 2• Lithium• Arsenic• Lead• Copper• Iron• Phosphorus• Carbon monoxide• Ethanol• Poisons by insect stings and bites• Electric shock• Heat• Radiation/radio-therapy• Cocaine• Heroin• Systemic lupus erythematosus,• Rheumatoid arthritis,• Churg--Strauss syndrome,• Kawasaki's disease,• Inflammatory bowel disease,• Scleroderma,• Polymyositis• Myasthenia gravis,• Insulin-dependent diabetes mellitus• Thyrotoxicosis,• Wegener's granulomatosis,• Organ-specific infectious negative lymphocytic myocarditis• Sarcoidosis• Giant cell myocarditis• Myocardial involvement in systemic diseases with giant cells• Rheumatic heart disease• Farber's disease (lipo-granulomatosis)• IL-1-mediated auto-inflammatory syndromes• IL-18-mediated auto-inflammation and susceptibility to *MAS*• A20 haplo-insufficiency• Interferon-mediated auto-inflammatory diseases• Immunodeficiency and immune dysregulation overlap• Immunodeficiencies affecting cellular and humoral immunity• Combined immunodeficiencies with associated or syndromic features• Predominantly antibody deficiencies• Diseases of immune dysregulation• Congenital defects of phagocyte number, function, or both• Defects in intrinsic and innate immunity• (Auto-inflammatory diseases)• Complement deficiencies^a^Causing the Middle East respiratory syndrome^b^Human polyomavirus identified in 2010

Precise rules define the criteria for the diagnosis of systemic and organ involvement \[[@CR14]\], including the heart. Myocardial involvement is diagnosed when the infectious agent is detected in myocardial tissue by pathologic and pathogen-related genomic studies \[[@CR12], [@CR13]\]. Often, in clinical practice, the diagnosis of myocarditis is suspected, based more on clinical, biochemical, and imaging criteria than on the demonstration of myocardial tissue inflammation. Failure to precisely diagnose the cause can lead to overlooking a potentially toxic origin (e.g., pheochromocytoma) \[[@CR15]\] and genetic familial diseases with similar clinical expression. Resuscitated cardiac arrest is one of the examples in which imaging-detected interstitial edema \[[@CR15]\] can lead to incorrect diagnostic hypotheses. As expected, infectious myocarditis is not a genetic disease; in the absence of the pathogen, there is no myocarditis. However, the role of genetic susceptibility has been repeatedly raised in clinical and experimental studies in an attempt to understand why some individuals develop myocarditis, while others, perhaps exposed to the same risk, do not.

Infectious Myocarditis and Genetics {#Sec6}
===================================

*Reasons to suspect a genetic susceptibility in infectious myocarditis* may derive from twin studies (usually newborn or children) \[[@CR16]--[@CR18]\], familial clustering suggesting genetic determinants or predisposing genetic factors \[[@CR19]--[@CR21]\], and rare Mendelian diseases \[[@CR22], [@CR23]\] as well as endemic infections linked to both pathogen and population genetic make-up \[[@CR24]\]. The topic must be discussed with caution so as not to transform infectious diseases into genetic ones, especially as the distinction between genetic susceptibility from exclusive environmental factors that might aggregate within families can be difficult.

Single Gene Defects and Myocarditis {#Sec7}
-----------------------------------

"Mendelian" myocarditis is rare, and the available information is based on single case reports and small clinical series. Disease genes are either *immunity* genes or *non-immunity genes whose defects cause heritable cardiomyopathies* \[[@CR2]\] and may eventually predispose to myocarditis.

### Immunity Genes {#Sec8}

These are cases of apparently sporadic myocarditis in patients with "primary immunodeficiency diseases" (PID), mainly autosomal recessive, which predispose to infections including those that cause myocarditis \[[@CR25]\]. PID phenotypes are heterogeneous overall \[[@CR26]--[@CR28]\], and the genetic cause is not the infection itself, but the condition of immunodeficiency that underlies the predisposition and the occurrence of myocarditis. PIDs are predominantly observed in the pediatric age as the case of a child with disseminated *Mycobacterium avium* infection carrier of IL-12Rβ1 deficiency due to compound heterozygosity and who ultimately died of acute heart failure due to a Coxsackie myocarditis and a poor nutritional status \[[@CR29]\]. In the adult it is rarer but possible. A toll-like receptor 3 mutation has been identified in an adult patient diagnosed with enteroviral (EV) myocarditis \[[@CR30]\].

### Non-immunity Genes: Do Genetic Cardiomyopathies Display Susceptibility to Myocarditis? {#Sec9}

The possibility of deep molecular and genetic exploration of heart diseases may contribute to unravel the molecular pathogenetic mechanisms of heart diseases, either predisposition of genetic cardiomyopathies to infections which may trigger the first manifestation of the disease or simply infectious complications in patients with an established diagnosis of genetic cardiomyopathy. The question is whether genetically affected hearts are more vulnerable to inflammatory triggers than non-affected hearts \[[@CR2], [@CR31]\]. A recent in vitro and clinical study explored the hypothesis that human genetic factors might underlie acute viral myocarditis in previously healthy children. Authors tested the role of TLR3-interferon (IFN) immunity using human-induced pluripotent stem cell-derived cardiomyocytes (iPSC-CM) and performed whole-exome sequencing in 42 unrelated children with acute myocarditis, some with proven viral etiologies. *TLR3-* and *STAT1*-deficient iPSC-CM did not show more susceptibility to coxsackievirus B3 (CVB3) infection than control cells. CVB3 did not induce IFN-α/β and IFN-α/β-stimulated genes in control cardiomyocytes and exogenous IFN-α did not substantially protect cardiomyocytes against CVB3. Exome sequencing did not show mutations in *TLR3*- or *IFN-α/β*-related genes. Unexpectedly, seven of 42 patients (16.7%) were carriers of rare bi-allelic, nonsynonymous, or splice-site variations in six cardiomyopathy-associated genes (*BAG3*, *DSP*, *PKP2*, *RYR2*, *SCN5A*, or *TNNI3*)*.* The authors concluded that "previously silent recessive defects of the myocardium may predispose to acute heart failure presenting as acute myocarditis, notably after common viral infections" \[[@CR32]\]. The hypothesis that acute myocarditis reflects an active phase of ARVD that leads to changes in phenotype and abrupt progression of the disease has been investigated by Lopez-Ayala and colleagues \[[@CR33]\]. They suggest that an active phase should be suspected in a patient with myocarditis associated with a family history of ARVD and that certain mutations may increase the susceptibility to superimposed myocarditis in ARVD \[[@CR33]\]. Patients with dilated cardiomyopathy caused by defects of *dystrophin* and *dysferlin* demonstrate increased susceptibility to myocardial CVB3 infection by enhancing viral propagation to adjacent cardiomyocytes and disrupting the function that repairs the myocyte membrane \[[@CR34]--[@CR36]\]. The history of a recent flu episode in patients with XL-DCM caused by defects of dystrophin may confound the true clinical diagnosis, but the possibility that a viral flu triggers or unmasks the manifestation of preexisting asymptomatic disease cannot be excluded. Although myocarditis and the viral genome may not be found in the EMB from patients with XL-DCM \[[@CR37]\], the myocardium with dystrophin defects could sustain greater damage from coxsackievirus proteases that are known to affect host cell proteins such as dystrophin \[[@CR34]--[@CR37]\]. As confirmation of the role or effect of myocarditis on the expression of dystrophin, there is evidence of focal disruption of the dystrophin--glycoprotein complex (DGC) in human coxsackievirus B myocarditis. DGC disruption can contribute to the pathogenesis of human enterovirus (EV)-induced dilated cardiomyopathy \[[@CR38]\], and the disintegration of the sarcoglycan complex may, in addition to dystrophin cleavage, play an important role in the pathogenesis of enterovirus-induced cardiomyopathy \[[@CR39]\].

Genetic Susceptibility and Enteroviral Myocarditis {#Sec10}
--------------------------------------------------

The clinical presentation of EV infection may be relatively mild (fever, herpangina, conjunctivitis, hand-foot-mouth disease, tonsillitis, pharyngitis, lower respiratory tract infection, acute gastroenteritis) or, less commonly, very severe (pneumonia, meningitis, encephalitis, myocarditis, pericarditis, hepatic necrosis, and coagulopathy) \[[@CR40]\]. EV myocarditis is often described in outbreaks of EV infections \[[@CR41]--[@CR46]\] (Table [4.2](#Tab2){ref-type="table"}). The cardiotropic coxsackievirus B3 (CV-B3) is one of the most common causes of myocarditis \[[@CR40]\]. The myocardial infection is initiated by the transmembrane coxsackievirus-adenovirus receptor (CAR) encoded by the *CXADR* gene (MIM∗602621); in experimental models, the ablation of CAR blocks viral infection of myocardial cells as well as inflammation in the myocardium \[[@CR47]\]. Similarly, increased cardiac expression of CAR may partially explain increased susceptibility to myocarditis \[[@CR48]\]. However, to date, mutations in the *CXADR* gene have not been reported/identified. In CVB3-infected myocytes, the cell damage is induced by direct cytotoxicity and mediated by viral proteinases \[[@CR49]\]. CVB3 replicates on the surface of autophagosomes \[[@CR50], [@CR51]\] and enhances replication by employing miRNA \[[@CR52], [@CR53]\]. CVB3-induced differential expression of miRNA modulates the expression of both host and viral genes.Table 4.2Enterovirus, outbreaks, and reports of EV myocarditisSpeciesTypesOutbreaks with reports of myocarditisRefA• Coxsackievirus 1--8, 10, 12, 14, 16;• Enterovirus A71, A76, A89, A90, A114, A119, A120, A121Severe hand-foot and mouth disease due to CVA6, CVA16, and A71\[[@CR41], [@CR42]\]B• Coxsackie B 1--6, A9,• Echovirus 1--7, 9,11--21, 24--27, 29--33• Enterovirus B 69, 73--75, 77--88, 93, 97, 98, 100, 101, 106 and 107Neonatal sepsis due to CVB1\[[@CR43], [@CR44]\]C• Coxsackie virus A1, 11, 13, 17, 19, 20, 21, 22, 24;• Enterovirus C 95, 96, 99, 102, 104, 105, 109, 113, 116--118;• Poliovirus 1--3Small outbreaks of cVDPV and paralytic disease due to newer EV-C viruses\[[@CR45]\]D• EV D68 D70, D94, D111Reports of EVD68 respiratory diseases, including myocarditis. Association with acute flaccid myelitis\[[@CR46]\]

*Individual genetic make-up may favor EV infection*. A recent investigation focuses on PI4KB/ACBD3 (phosphatidylinositol kinase 4, type 3 beta/acyl-CoA-binding domain-containing protein 3) interaction as facilitating mechanisms for efficient viral replication. Enteroviruses, as well as other positive-strand RNA viruses, reorganize host cellular membranes through recruiting phosphatidylinositol (PI) 4-kinase (*PI4KB*), whose defects cause the monogenic autosomal recessive perisylvian polymicrogyria, with cerebellar hypoplasia and arthrogryposis \[[@CR54]\]. Acute inhibition of the enzyme PI4KA by kinase inhibitors causes sudden death \[[@CR55]\]. The Golgi-residing protein, ACBD3 (Golgi phosphoprotein 1; GOLPH1), which is involved in the maintenance of Golgi structure and function, is responsible for proper localization of enteroviral 3A proteins in host cells. Mutants abrogating the ACBD3--PI4KB interaction showed that this interaction is crucial for enterovirus replication and allowed the identification of the minimal ACBD3 domains that are essential for enterovirus replication. Therefore, acyl-coenzyme A binding (ACB) and charged-amino-acid region (CAR) domains are dispensable for 3A-mediated PI4KB recruitment and efficient enterovirus replication \[[@CR56]\]. The myocardial expression of *NOD2* (nucleotide-binding oligomerization domain protein 2) gene has also been found to be higher in CVB3-positive patients compared with patients with myocarditis but without evidence of persistent CVB3 infection; no genetic variants in the gene have been reported to date \[[@CR57]\].

Parvovirus B19 and Myocarditis: Genetic Studies Unravel Molecular Mechanisms But Do Not Demonstrate Heritable Predisposition {#Sec11}
----------------------------------------------------------------------------------------------------------------------------

Human parvovirus B19 (B19V) belongs to genus Erythroparvovirus of the Parvoviridae family, which is composed of a group of DNA viruses with a linear single-stranded DNA genome \[[@CR58]\]. B19V infects human erythroid progenitor cells (EPCs) and causes mild to severe hematological disorders \[[@CR59]\]. It may also infect non-erythroid lineage cells such as myocardial endothelial cells \[[@CR60]\]. The tropism of B19V for EPCs depends on the expression of viral receptors and co-receptors on the cell surface and by the viral use of host factors such as RNA binding motif protein 38 (RBM38) for the processing of its pre-mRNA during viral replication \[[@CR61]\]. Variants in *RBM38* gene have not been reported so far. The RBM38 protein (coded by the RBM38 gene, 20q13.31, MIM∗612428) interacts with the intronic splicing enhancer 2 (ISE2) element of B19V pre-mRNA and promotes 11-kDa protein expression that regulates the 11-kDa protein-mediated augmentation of B19V replication \[[@CR62]\]. The B19V--antibody complex enters the cells through an endocytosis process mediated by the direct interaction of antibody-bound complement factor C1q with its receptor CD93 on the cell surface \[[@CR63]\].

Infection by PVB19 causes fifth disease, arthropathy, anemia in immunocompromised patients and sickle cell disease patients, myocarditis, and hydrops fetalis in pregnant women \[[@CR64]--[@CR66]\]. The cardiac manifestations vary, from mild and nonspecific symptoms (e.g., fatigue, arrhythmias) to severe, including cardiogenic shock requiring mechanical support. PCR-based studies have reported B19V genome in myocardial tissue of patients with myocarditis and dilated cardiomyopathy, however also in control cases, disproving the hypothesis that persistent myocardial viral infection might be a frequent cause of DCM or myocarditis \[[@CR67]--[@CR69]\]. Similar findings have been reported in skin samples from patients with dermatological diseases in which the role of viral infection is debated \[[@CR70]\]. It should be considered that no biopsy tissue sample is blood-free. In addition, remnant B19V DNA strands can be released from tissues without active viral replication; therefore, the PCR-based detection of B19V DNA in blood does not prove the presence of infectious virions and viral replication \[[@CR71]\]. This finding suggests caution in the interpretation of the role of B19V infection when based on B19V DNA detection in blood, not only in myocarditis but also in other diseases that have been hypothesized to be causally linked with B19V. Finally, the viral load of PVB19 genomes in the myocardium is not related to the long-term outcome \[[@CR72]\]. A possible hypothesis that could explain the role of B19V in myocarditis and cardiomyopathy is the potential trigger effect of the viral genome for innate immunity, inducing pro-inflammatory cytokine secretion \[[@CR72]\] and myocardial inflammation. Although the hypothesis that individual susceptibility and modifier genes may influence the predisposition to myocarditis, there is no current proven evidence of gene variants potentially exerting this role.

Herpes Virus Infections: Heritability of Chromosomally Integrated HHV-6 (ciHHV-6) {#Sec12}
---------------------------------------------------------------------------------

A recently described case of myocarditis in a patient with chromosomally integrated HHV-6 (ciHHV-6) \[[@CR73]\] links the herpes virus infection with an inherited risk of myocarditis. ciHHV-6 is a rare heritable condition in which the complete genome of the virus is integrated into the host germline genome (OMIM 604474) \[[@CR74]\]. ciHHV-6 is characterized by high viral copy numbers in blood or sera (\>6 log (10)copies/mL) with a prevalence of 0.8% of UK blood donors. Therefore, the finding of high HHV-6 viral loads in healthy normal individuals highlights the need to correctly interpret ciHHV-6, with its possible confounding effect in laboratory diagnosis of HHV-6 infection \[[@CR75], [@CR76]\] or its role in patients with DCM/heart failure \[[@CR77]\]. The integrated viral genome eventually secreting viral chemokines can confer human genes with links to inflammatory pathology and supports ciHHV-6A reactivation as a source for emergent infection \[[@CR77], [@CR78]\].

Chagas Disease and Genetic Predisposition {#Sec13}
-----------------------------------------

Chagas disease (CD) is caused by the protozoan parasite *Trypanosoma cruzi* \[[@CR79]\]through direct oral contact, contaminated blood transfusion, or bone marrow transplantation. There may also be vertical transmission from the mother to infant. CD is endemic in the southern USA, Mexico, Central America, and South America \[[@CR10], [@CR79], [@CR80]\]. Contamination of food and drink has been reported in northern South America, where transmission cycles may involve wild vector populations and mammalian reservoir hosts \[[@CR10], [@CR79]--[@CR82]\]. In the acute phase, the disease can manifest with myocarditis, conduction system abnormalities, and pericarditis. In untreated patients, the disease progresses to the chronic phase with development of chronic Chagas cardiomyopathy (CCC) \[[@CR79]\]. Genetic susceptibility to the development of CCC is a matter of ongoing investigation of immunity genes to identify possible individual and population-based predisposition. Table [4.3](#Tab3){ref-type="table"} \[[@CR83]--[@CR91]\] lists the genes and related variants investigated to date in CD. Although some association studies tested positive, no genetic test is currently performed in the diagnostic work-up of CD.Table 4.3Genetic association studies for susceptibility to Chagas Disease (CD) and pathophysiology of Chronic Chagas Cardiomyopathy (CCC)GenePeptideMonogenic disease and susceptibility in OMIMGenetic variants variably associated with Chagas DiseaseMIM PhenotypeInheritanceRefCOLEC11Collectin 113MC syndrome 2ARAssociation with the pathophysiology of Chagas disease\[[@CR83]\]MASP2Lectin complement activation pathway, defect, 2MASP2 deficiencyARPromoter region, IL18Interleukin 18----Susceptibility to CD\[[@CR84]\]VDR gene (rs731236, rs7975232, rs1544410 and rs2228570)Vitamin D receptorRickets, vitamin D-resistant, type IIAARrs2228570∗A allele: Association with CD\[[@CR85]\]IL17A G197A (rs2275913)Interleukin 17A----Association with Chagas disease\[[@CR86]\]IL17F T7488C (rs763780)Interleukin 17FFamilial candidiasis, 6ADCCR5 ➔ Δ32 (rs333) 59029 A/G(pm rs1799987)Chemochine, CR motif, 5-- Susceptibility/resistance to HIV infection-- West Nile virus, susceptibility to--CCR5 Δ32 noCCR5 59,029 A/G yesAssociation with CCC\[[@CR87]\]CCR2-CCR5 genes and their haplotypesChemochine, CR motif, 2Chemochine, CR motif, 5--Association with CCC\[[@CR88]\]• TGFB1: rs8179181, rs8105161, rs1800469;• Transforming growth factor B 1• Camurati--Engelmann disease^a^• ADNo association with clinical outcome in CCC\[[@CR89]\]• IL10: rs1800890, rs1800871, rs1800896;• Interleukin 10• HIV susceptibility; RA progression• --• IFNG: rs2430561;• Interferon gamma• TSC2 angiomyolipomas, renal, Mod.• AD• TNF: rs1800629;• Tumor necrosis factor• Asthma and Sepsis susceptibility• --• BAT1 (DDX39B): rs3853601;• HLA-B-associated transcript 1• --• --• LTA: rs909253, rs2239704;• Lymphotoxin alpha• Leprosy and Psoriatic ar. susceptibility• --• TNFR1 (TNFRSF1A): rs767455;• Tumor necrosis factor receptor 1• Periodic familial fever• AR• TNFR2 (TNFRSF1B): rs1061624.• Tumor necrosis factor receptor 2• --• --NLRP1 rs11651270,NLR family, pyrin domain containing 1Auto-inflammation with arthritis and dyskeratosisAD, ARNLRP1 rs11651270 & CARD rs6953573: Association with CCC\[[@CR90]\]CARD (NOD2) rs6953573Caspase recruitment domain containing protein 15Blau syndromeADCASP1P2Caspase 1 apoptosis-related cysteine protease----TYK2 gene variantsTyrosine kinaseImmunodeficiency 35ARNegative susceptibility study\[[@CR91]\]^a^Inflammatory bowel disease, immunodeficiency, and encephalopathy

Rheumatic Fever, Carditis, and Genetics {#Sec14}
---------------------------------------

Rheumatic fever (RF) is an immune-mediated disease that affects predominantly children and adolescents in low-income and developing countries, in which the disease burden is still relevant \[[@CR92], [@CR93]\]. RF occurs in "genetically susceptible individuals", as sequelae of Group A Streptococcus (GAS) pyogenes infection. The clinical manifestations depend upon the tissues involved, including synovium (arthritis), heart valves (endocarditis), myocardium (pancarditis), brain (Sydenham's chorea), kidney (glomerulonephritis), skin (erythema marginatum), and subcutaneous tissue (rheumatic nodules). Rheumatic heart disease (RHD) is the most common acquired cardiovascular disease in youths \[[@CR2]\] and is associated with high morbidity and mortality \[[@CR94]\].

### Familial Susceptibility {#Sec15}

Genetic susceptibility has repeatedly been claimed as a contributor to the pathogenesis of RHD, but, to date, no significant result has been identified or reproduced with GWAS study \[[@CR95]\]. Rheumatic fever is an example of familial "non-genetic aggregation" and of difficulties in distinguishing familial genetic susceptibility from transient or persistent environmental factors to which members of the same families may be exposed. Historical research focused attention on family aggregation \[[@CR96]\], exploring the field of immunogenetics. An early study published in *Nature* in 1979 \[[@CR97]\] identified the B-cell alloantigen marker, 883, in patients previously diagnosed with RF with or without subsequent RHD. The 883 antigen on B cells was found in 71% of patients typed in New York and 74% of patients typed in Bogota as compared with 17% in the two disease-free control groups. The marker was not associated with any of the known major histocompatibility complex (MHC) antigens. A later study showed that two antibodies produced against this antigen were present in 92% of patients as compared with 21% of disease-free controls \[[@CR98]\]. Another monoclonal antibody, labeled D8/17, which identified a B-cell antigen present in 100% of RF patients, was found in 14.6 and 13% of unaffected sibs and parents, respectively. The segregation of phenotypes (percentage D8/17-positive cells within HLA-typed rheumatic fever families) was consistent with autosomal recessive inheritance, which was not associated with the MHC gene system \[[@CR99]\]. The D8/17 antibody was later considered a disease-specific marker with worldwide distribution: it may serve as a diagnostic tool in patients with suspected rheumatic fever \[[@CR100]\]. Therefore, the hypothesis of an autosomal familial recessive predisposition/susceptibility that was not related to HLA genes remains doubtful. Nonetheless, more recent twin pairs' studies demonstrated a concordant risk for acute rheumatic fever of 44% in monozygotic twins and 12% in dizygotic twins. The estimated heritability across six meta-analyzed studies was 60% \[[@CR101]\].

*Genetic variants* associated with increased risk of RHD have been investigated on the basis of the hypothesis that cytokine gene polymorphisms could play a role in the susceptibility of RHD in patients: TNF-α (-308G\>A) and IL-1β (-511C\>T) were significantly associated with increased risk of RHD, while IL-10 (-1082G\>A) and IL-6 (-174G\>C) were not associated with modified RHD risk \[[@CR102]\]. Thereafter, research focused on the role of functional variants in genes encoding molecules of the complement activation pathways. The rationale is that tissue damage in RHD is mediated by autoantibodies resulting from molecular mimicry between GAS and cardiac tissue proteins. The GAS molecule N-acetyl-β-D-glucosamine (GlcNAc) and the M protein cross-react with valve and myocyte proteins of the host \[[@CR103]\]. GlcNAc is the immunodominant cell wall antigenic epitope of GAS and is recognized by ficolins \[[@CR104]\] that comprise pattern-recognition receptors (PRRs) of the complement \[[@CR103], [@CR105]\]. Of the three human ficolins \[ficolin-1 (M-ficolin), ficolin-2 (L-ficolin), and ficolin-3 (H-ficolin also known as Hakata antigen)\] \[[@CR106]\], ficolin-1 is found both in soluble form and on the cell membrane \[[@CR107]--[@CR109]\] and binds sialic acid to capsular polysaccharides of pathogens including *Streptococcus agalactiae* \[[@CR110], [@CR111]\]. The levels of expression of ficolin-1 are influenced by promoter gene variants, all associated with increased FCN1 gene expression in whole blood or adipose subcutaneous tissue, but are also associated with increased protection against the disease \[[@CR112], [@CR113]\]. FCN1 polymorphisms may play a dual role in the physiopathology of RF. On the one hand, they increase the GAS infection and predispose the patient to RHD symptoms, once the infection is established \[[@CR113]\]. Polymorphisms associated with low levels of L-ficolin level may predispose carriers to recurrent and/or more severe streptococcal infection \[[@CR112]\]. The low levels of ficolin-1 levels reported in RHD have been interpreted as an effect of the considerable ficolin-1 consumption in RF (Table [4.4](#Tab4){ref-type="table"}). In any case, ficolin-1 is a promising therapeutic target for autoimmune diseases \[[@CR114]\].Table 4.4Ficolin levels in autoimmune diseases \[[@CR115]\]DiseaseFicolin-1 levelsCRP correlationsREFHighLowUnmodified(mg dL^−1^)Rheumatic fever+−\[[@CR112]\]Vasculitis+0.98 \[0.19, 6.71\]\[[@CR113]\]Rheumatoid arthritis+0.81 \[0.06, 2.52\]Myositis+0.20 \[0.04, 0.63\]Systemic lupus erythematosus+0.15 \[0.10, 0.48\]Behcet's disease+0.05 \[0.04, 0.80\]

*FLC3* gene defects are associated with immunodeficiency due to ficolin-3 deficiency (MIM \# 613860), an autosomal recessive disease characterized by increased susceptibility to infections and autoimmune diseases, and by defect in the lectin activation pathway of the complement system. The specific biomarker is the decreased serum levels of ficolin-3. FLC3 deficiency is a rare disease of major scientific and clinical interest because heterozygous carriers have 50% reduction in circulating ficolin-3 levels. To date, only one case of cardiac disease has been described in an 11-month-old male infant who was operated on to repair a congenital heart defect \[[@CR115]\]. Finally, the possibility exists that patients with genetic disease are more susceptible to RF \[[@CR116]\]. This is a new area of clinical observation that also deserves attention due to the increasing number of genetic diseases that can now be correctly diagnosed \[[@CR2]\]. As an example, the figure shows the case of a fatal rheumatic pancarditis in a boy with osteogenesis imperfecta (Fig. [4.2](#Fig2){ref-type="fig"}).Fig. 4.2Fatal rheumatic pancarditis with mitral chordal rupture in a boy with autosomal dominant osteogenesis imperfecta. The figure shows (**a**) the macroscopic view of the posterior atrio-ventricular wall. The sample in the (**b**) corresponds to the squared area in panel (**a**) and the histological panel (**c**) shows a ruptured chorda surrounded by inflammatory cells. The myocardial wall was extensively involved (**d**, **e**) and demonstrated the typical Anitschkow cells

Non-Infectious Myocarditis {#Sec16}
==========================

Sarcoidosis {#Sec17}
-----------

Sarcoidosis is a chronic multisystem inflammatory disease of unknown etiology whose pathologic hallmark includes non-caseating, epithelioid granulomas primarily in the lungs and lung-draining lymph nodes \[[@CR117], [@CR118]\]. Sarcoidosis is considered a T-cell driven inflammatory disease in which mononuclear phagocytes (macrophages, monocytes, and dendritic cells) initiate and maintain T-cell activation and release cytokines that contribute to granuloma formation and maintenance \[[@CR118], [@CR119]\]. The data on incidence range from 3--4 to 35--80 per 100,000, reflecting ethnicity, geographic distribution, and gender. The prevalence is 10--40/100,000 persons in the USA and Europe, higher in the Scandinavian population, and lower in those of Turkish descent; in addition, the ratio of prevalence between African Americans and Caucasians is 10--17 to 1. Young women (20--40 years) are preferentially affected \[[@CR119]--[@CR121]\]. Cardiac involvement is influenced by ethnicity, approaching up to 58%, and constitutes the cause of death in up to 85% of Japanese patients \[[@CR120], [@CR122]\]. The disease typically occurs in the adult age; in children with suspected sarcoidosis, the autosomal dominant Blau syndrome has to be considered \[[@CR123], [@CR124]\]. This early aggressive form is associated with heterozygous mutations in CARD15 gene (NOD1) (MIM∗605956) that cause constitutive NF-kappa-B activation \[[@CR125]\].

The clinical manifestations of sarcoidosis are heterogeneous due to the involvement of many organs/organ systems and consist of polyarthritis, iridocyclitis, skin rash, and arteritis, in addition to potential heart, kidney, and nervous system involvement \[[@CR117], [@CR118], [@CR124]\]. The heart is affected in 2--7% of patients diagnosed with systemic sarcoidosis \[[@CR117], [@CR122]\] (Fig. [4.3](#Fig3){ref-type="fig"}). Cardiac involvement is clinically manifest in about 5% of patients with sarcoidosis (sarcoid granulomas can be clinically silent), while it is asymptomatic in about 25% of cases, as confirmed by pathology, i.e., autopsy studies \[[@CR126], [@CR127]\], and imaging series, either CMR or fluorodeoxyglucose positron emission tomography (PET) \[[@CR128], [@CR129]\]. Simultaneous PET/MR increases the diagnostic accuracy and offers complementary information on disease pathophysiology \[[@CR129], [@CR130]\]. Therefore, given that sarcoid granulomas can be clinically silent, the real proportion of cardiac sarcoidosis is likely higher than clinically apparent.Fig. 4.3End-stage fibrotic phase of adult-onset sarcoidosis. The patient underwent heart transplantation because of the extensive, multifocal scarring (**a**); residual giant cells are visible, with asteroid bodies, both H&E (**b**) and Movat Pentachrome stain (**c**)

Sarcoidosis can manifest acutely (Löfgren's syndrome) or with gradual onset (non-Löfgren's syndrome). The acute Löfgren's syndrome is characterized by hilar lymphadenopathy, erythema nodosum, and fever \[[@CR131]\]; it mainly affects women and is common in Scandinavian, Irish, African, and Puerto Rican populations. The prognosis is good, with\>90% of patients experiencing disease resolution within 2 years. On the other hand, resolution is difficult when lupus pernio, cardiac, or neurologic involvement is present.

### Familial Monogenic Sarcoidosis: The BLAU Syndrome and Early-Onset Sarcoidosis (EOS) {#Sec18}

Blau syndrome is an early-onset, chronic, granulomatous auto-inflammatory disease that is inherited by an autosomal dominant pattern \[[@CR124]\]. The original clinical manifestations were described as a triad constituted by granulomatous dermatitis, arthritis, and uveitis \[[@CR124]\]. Additional manifestations include erythema nodosum, fever, sialadenitis, lymphadenopathy, leukocytoclastic vasculitis, transient neuropathies, granulomatous glomerular and interstitial nephritis, interstitial lung disease, arterial hypertension, pulmonary hypertension, pericarditis, pulmonary embolism, hepatic granulomas, splenic involvement, and chronic renal failure \[[@CR132]--[@CR138]\]. Cardiac involvement is rare \[[@CR136]--[@CR140]\]. The pathologic hallmark is the non-caseating epithelioid cell Blau granuloma. Blau syndrome is caused by mutations in the Caspase Recruitment Domain Gene 15 (CARD15 or NOD1) (MIM∗605956) on chromosome 16q12.1 \[[@CR125]\]. The mutations are systematically collected in the international Infevers Registry \[fmf.igh.cnrs.fr/infevers\] \[[@CR139]\]. Blau syndrome is allelic to early-onset sarcoidosis (EOS) \[[@CR140], [@CR141]\]. The diagnosis is usually suspected in the clinical context of rheumatology or dermatology or ophthalmology issues. It is unusual for patients to manifest cardiac involvement at onset. Cardiologists are more likely to be involved in the clinical management of patients diagnosed with the disease \[[@CR126]\]. Myocarditis is not specifically mentioned in the complex phenotype of the disease, but pericarditis is a known possible complication and myocardial involvement and cardiac infiltration have been reported in early-onset sarcoidosis associated with CARD15 mutations \[[@CR140], [@CR141]\].

### Non-monogenic Sarcoidosis: Candidate Genes, Familial Aggregation, and Susceptibility {#Sec19}

Outside of Blau syndrome and EOS, sarcoidosis is usually considered an autoimmune disease with possible family susceptibility in a way that does not conform to a classic Mendelian mode of inheritance \[[@CR142], [@CR143]\]. The susceptibility loci and the genes identified to date are summarized in Table [4.5](#Tab5){ref-type="table"}. SNPs in major histocompatibility complex *HLA-DRA* and *BTNL2* genes have been associated with susceptibility to sarcoidosis. A recent multi-population study demonstrates that at least a part of these associations are *HLA-DRB1* independent (unrelated with linkage disequilibrium) and shared across ancestral origins. The variants that were independent of *HLA-DRB1* associations acted as e-quantitative trait loci for *HLA-DRB1* and/or *-DRB5*, suggesting a role in regulating gene expression \[[@CR144]\]. The *BTNL2* gene variant G16071A seems to be a predisposing factor for sarcoidosis except in Caucasian postmenopausal women with sarcoid uveitis in whom the GG genotype prevails \[[@CR145]\]. Other loci associated with genetic susceptibility of sarcoidosis are pending and many candidate genes are reported but not yet confirmed (*ACE, ADAM33, ANXA11, BTNL2, NOD2, CCDC88B, CCR2, GREM1, HLA-DRB1, IL23R, NOTCH4, C6ORF67, OS9, PRDX5, SLC11A1, TGFB1, TLR9*, and *TNFA*) \[[@CR146]--[@CR149]\]. Genes influencing clinical presentation of sarcoidosis are likely to be different from those that underlie disease susceptibility. To date, no genetic testing has entered the clinical diagnostic path of sarcoidosis. Whole-exome sequencing studies identified rare genetic variations in families with pulmonary sarcoidosis \[[@CR150]\]. The family-based exome sequencing study identified 40 plausible functional rare genetic variants among German families. The findings highlighted the calcium ion-related biological activities and immune responsive genes with possible involvement in pathways of immune/inflammatory response regulation, leukocyte proliferation, and defense response to bacteria, among the major mechanisms. The KEGG pathway mapping analysis indicated inflammatory bowel disease as most relevant. The complexity of the phenotype (severity, chronicity, clinical course) and the overlapping of concurrent lung disease partly explain the difficulties encountered in the studies that investigate the genetic basis of sarcoidosis \[[@CR150]\].

### Familial Genetic Risk: Clinical Evaluation {#Sec20}

On a clinical level, it is useful to be aware of the risk of recurrence of sarcoidosis in relatives of affected patients. The ACCESS study (A Case Controlled Etiologic Sarcoidosis Study) demonstrated that first-degree relatives of patients with sarcoidosis have a five times higher relative risk of developing sarcoidosis than control subjects \[[@CR151]--[@CR153]\]. A more recent study (Swedish National Patient Register using International Classification of Diseases codes, 1964--2013) confirmed that having at least one first-degree relative with sarcoidosis is associated with a 3.7-fold increase in the risk of sarcoidosis \[[@CR154]\]. The relative risk increases in those with two or more relatives (relative risk 4.7) and in Löfgren's syndrome (relative risk 4.1). The percentage of heritability was 39% (95% CI 12--65%). Therefore, having a relative with sarcoidosis is a strong risk factor for the disease. In clinical practice, the family history (uveitis and lung diseases in particular) should be explored with the aim of verifying whether there are other family members diagnosed with sarcoidosis \[[@CR155]\]. Instead, in the Japanese population in which sarcoidosis is particularly frequent, the occurrence of cardiac sarcoidosis in female patients is associated with the presence of *HLA-DQB1∗0601* and the allele *TNFA2* \[[@CR156], [@CR157]\]. Loci formally listed in the OMIM catalogue are described in Table [4.5](#Tab5){ref-type="table"} \[[@CR155], [@CR158]--[@CR161]\] and genetic variants investigated in sarcoidosis are reported in Table [4.6](#Tab6){ref-type="table"}.Table 4.5Genetic susceptibility in sarcoidosis: loci formally included in OMIM catalogueSusceptibility lociMappingAssociation with variants in:RefSS16p21.3HLA-DRB1 (HLA-DRB1∗03)\[[@CR155], [@CR157]\]SS26p21.3BTNL2 (butyrophilin-like protein, major histocompatibility complex class II-associated BTL II)\[[@CR159]\]SS310q22--q23ANXA11 (Annexin XI)\[[@CR160], [@CR161]\]Table 4.6Systemic sarcoidosis: familial aggregation and genetic predispositionFamily studies SeriesRelativesRisk compared with the general population 210 twin pairsTwins, monozygotic80-foldTwins, dizygotic7-fold ACCESS (*A C*ase-*C*ontrol *E*tiologic *S*tudy in *S*arcoidosis)First or second degree relative of a patient with sarcoidosis4.7-foldGenetic studies Genetic associationChromosome 6, MHC genes• Acute sarcoidosis: HLA-DRB1∗0301• Remitting disease: HLA-DQB1∗0201-DRB1∗0301• Chronic active disease: DQB1∗0602-DRB1∗150101• Extra-pulmonary manifestations: HLA-DRB1∗11 Candidate genesCase-control studies and family-based studies• Variation of TNF production: TNFA1/TNFA2; rs1800629• Chronic sarcoidosis: IL23R: rs11209026 (Arg381Gln)• Sarcoidosis and uveitis: IL23R: rs11209026 (Arg381Gln) GWASSusceptibility loci and candidate genes• *Butyrophilin-like 2 (BTNL2)* gene: rs2076530 A• Annexin A11 (ANXA11) gene: rs1049550• Ras-related protein Rab-23 (RAB23): rs1040461• Osteosarcoma amplified 9 (OS9): rs1050045• Coiled-coil domain containing 88B (CCDC88B)• Peroxiredoxin 5 (PRDX5) gene• Neurogenic locus notch homolog protein 4 (NOTCH4) gene region: SNP rs715299 Gene--environment interactions1101 patients with extrapulmonary sarcoidosis and exposed to insecticide, molds, and musty odorsHLADRB1∗

Giant Cell Myocarditis and Genetics {#Sec21}
-----------------------------------

Giant cell myocarditis (GCM) is a rare and potentially fatal illness of unknown etiology characterized by myocardial inflammation with multinucleated giant cells and myocyte necrosis \[[@CR162], [@CR163]\]. GCM is currently considered a "multifactorial disease triggered by different causes" \[[@CR164]--[@CR187]\]. Etiologic hypotheses include systemic autoimmune diseases \[[@CR164]--[@CR168]\], drug toxicity \[[@CR169]\], infections \[[@CR170]--[@CR172]\], and complex combination of autoimmunity, infections and drug toxicity \[[@CR173]\]. Infections reported in GCM include coxsackie B2 virus \[[@CR170]\], parvovirus B19 \[[@CR171]\], HCMV \[[@CR172]\] and HIV1 infection \[[@CR173]--[@CR184]\]. In most cases, GCM is an isolated entity, while in about one-fifth of cases GCM occurs in association with autoimmune/immune-mediated diseases (Table [4.7](#Tab7){ref-type="table"}), infections, drug toxicity, or syndromes such as immune reconstitution inflammatory syndrome (IRIS) in patients undergoing highly active antiretroviral therapy (HAART) against human immunodeficiency virus type 1 (HIV-1) \[[@CR173], [@CR184], [@CR185]\] or even in patients taking common medications such as amoxicillin \[[@CR183]\]. To date, the autoimmune/immune-mediated hypothesis is the most accredited pathogenic theory supported both by the aforementioned associations with systemic autoimmune diseases (Table [4.7](#Tab7){ref-type="table"}) and by the partial remission of GCM in patients treated with immunosuppression as well as by the non-aggressive occurrence (10--50%) of the disease during immunosuppression treatment in transplanted patients \[[@CR186], [@CR187]\].Table 4.7Giant cell myocarditis in inflammatory autoimmune diseasesDiseaseReferencesInflammatory bowel disease, both Crohn's disease (CD) and ulcerative colitis (UC); drug reaction is a possible trigger\[[@CR174]--[@CR176]\]Spondyloarthropathy\[[@CR177]\]Thymoma, myasthenia gravis\[[@CR168], [@CR178]\]Vasculitis\[[@CR179]\]Orbital myositis, vitiligo\[[@CR180]\]Autoimmune hepatitis\[[@CR164]\]Systemic lupus erythematosus\[[@CR181]\]Sjogren's syndrome\[[@CR182]\]Immune reconstitution inflammatory syndrome (IRIS) that may occur in patients undergoing highly active antiretroviral therapy (HAART) against human immunodeficiency virus type 1 (HIV-1)\[[@CR185]\]

Clinical manifestations of GCM are variable. Most patients present with cardiogenic shock or acute heart failure, requiring mechanical circulatory support. However, conduction disease such as atrio-ventricular nodal or infra-nodal heart block or atrial or ventricular arrhythmias can be the first manifestation. The rare "atrial variant" is characterized by atrial fibrillation and severe atrial dilation but preserved ventricular function \[[@CR188], [@CR189]\]. A precise diagnosis of GCM is established only when typical pathologic features are demonstrated on EMB or surgical samples \[[@CR190]\] (Fig. [4.4](#Fig4){ref-type="fig"}). The inflammatory infiltrate is constituted by CD8-positive lymphocytes, eosinophils, and multinucleated giant cells; myocytes show damage and necrosis \[[@CR162], [@CR163]\]. The origin of giant cells, from myocytes and/or histiocytes, remains a matter of investigation. Differential diagnosis between GCM and cardiac sarcoidosis relies on pathologic features (non-caseating epithelioid granulomas with CD68-positive giant cells in sarcoidosis) and is supported by the different T-cell subsets, CD4+ in sarcoidosis and CD8+ in GCM. GCM carries a poor prognosis, with a median survival of 5.5 months from the onset of symptoms; up to 90% patients either die or require cardiac transplantation. Data on management, including medications and mechanical circulatory support for bridge to recovery or to transplantation, are given in the dedicated chapter of this book.Fig. 4.4The figure shows the EMB done in a 42-year-old patient with fulminant clinical manifestation of giant cell myocarditis. Death occurred 52 hours after admission to the emergency room, despite ventricular support, including medications and ECMO. (**a**) H&E; (**b**) Anti-CD68 immunostain showing specific immune-reaction of giant cells. Green arrows indicate the giant cells in both panels

The occurrence of GCM in Mendelian diseases is either underreported or unexplored or anecdotal and extremely rare. Myocarditis and giant cell hepatitis have been diagnosed in a patient with spinal muscular atrophy with respiratory distress (SMARD1) that was genetically caused by a nonsense mutation in the immunoglobulin-mu-binding protein 2, *IGHMBP2* disease gene. Mutations in this gene typically cause the autosomal recessive Charcot--Marie--Tooth disease, axonal, type 2S, and the distal hereditary motor neuronopathy type IV. This evidence does not causally link GCM with the genetic defect but rather represents a possible complication of the disease \[[@CR191]\].

The association between GCM and myasthenia gravis (MG) and thymoma warrants special mention for two reasons: (1) the fair number of reports of GCM in patients with myasthenia gravis and (2) the association of giant cell polymyositis and myocarditis with myasthenia gravis and thymoma \[[@CR168], [@CR178], [@CR192]--[@CR195]\] and the possible responsiveness of myositis to novel biological drugs such as rituximab when steroids, acetylcholinesterase inhibitors, and immunosuppressive agents fail \[[@CR193]\]. Cardiomyositis and subclinical cardiac dysfunction have been described in patients with thymoma and late-onset myasthenia gravis \[[@CR192], [@CR193]\].

*To date, gene expression studies* have not identified disease genes but rather have contributed to unraveling some pathophysiologic mechanisms of disease. Cardiac gene expression profiling has revealed upregulation of genes involved in the T-cell immune response, with the majority of upregulated genes involved in T-cell activation of the Th1 subset \[[@CR196]\]. Plakoglobin expression was reduced in GCM and cardiac sarcoidosis as well as in ARVC, but not in lymphocytic myocarditis. A redistribution of plakoglobin from intercellular junctions to intracellular location was attributed to the mediation of IL-17 and TNF-alpha; both are considered to be mediators of granulomatous myocarditis \[[@CR197]\].

Hypereosinophilic Syndromes (HES) and Myocarditis {#Sec22}
-------------------------------------------------

Eosinophils are involved in host immune response to infection, cancer surveillance, and maintenance of other immune cells \[[@CR198], [@CR199]\]. The normal range of circulating eosinophils is 3--5%, which corresponds to an absolute count of 350--500/mm^3^ \[[@CR198]\]. Eosinophilia (hypereosinophilia) refers to an increased absolute eosinophilic count in peripheral blood and is graded as mild (from upper normal limit to 1500/mm^3^), moderate (1500--5000/mm^3^), and severe (\>5000/mm^3^) \[[@CR200]\]. Eosinophilia encompasses a broad range of disorders including hematologic eosinophilia (clonal, **n**eoplastic, primary, HE~N~), non-hematologic (secondary or **r**eactive HE~R~), eosinophilic diseases of **u**nknown **s**ignificance (HE~US~), and **f**amilial diseases (HE~F~) (Table [4.8](#Tab8){ref-type="table"}). Organ damage may occur in each of these forms \[[@CR201]\]. The heart is either the major or solely involved organ or is potentially involved in systemic diseases. Diagnostic criteria of HES \[[@CR201]\] were modified in 2006 when the definition was expanded to include other previously distinct diseases associated with eosinophilia \[eosinophilic granulomatosis with polyangiitis (EGPA), formerly known as Churg--Strauss syndrome, chronic eosinophilic pneumonia, and eosinophilic gastrointestinal disorders (EGID)\] \[[@CR200]--[@CR202]\]. In 2010, the 6-month diagnostic period was substituted with the criterion of elevation of the absolute eosinophilic count \>1500/mm^3^ on at least two occasions \[[@CR203]\]; it was recommended that the diagnosis had to be formulated in patients with "tissue eosinophilia and marked peripheral eosinophilia." The definition of HES was also expanded in order to include molecular evidence of end-organ damage \[[@CR203]\]. HES has an age-adjusted prevalence of approximately 0.036 per 100,000 wherein the estimates are based on the ICDO (International Classification of Disease for Oncology Version 3), coding 9964/3 (HES including chronic eosinophilic leukemia), and the SEER database (Surveillance, Epidemiology, and End Results) \[[@CR204]\].Table 4.8Classification of HE eosinophilic syndromesClassAbbreviationPathogenesis/definitionHereditary (familial, FA) HEHE~FA~Pathogenesis unknown; familial clustering; absence of hereditary immunodeficiency; and absence of a reactive or neoplastic condition/disorder underlying HEHE of undetermined significance (US)HE~US~No underlying cause of HE, no family history, no evidence of a reactive or neoplastic condition/disorder underlying HE, and no end-organ damage attributable to HEPrimary (clonal/neoplastic) (N) HE^a^HE~N~Underlying stem cell, myeloid, or eosinophilic neoplasm, as classified by WHO criteria; eosinophils considered neoplastic cells^b^Secondary (reactive) HE^a^HE~R~Underlying condition/disease in which eosinophils are considered nonclonal cells^b^; HE considered cytokine driven in most cases^ca^HEN and HER should guide further diagnostic evaluations but cannot serve as final diagnoses^b^Proven clonality: a myeloid or stem cell neoplasm typically manifesting with clonal HE; typical molecular defect is demonstrable (e.g., *PDGFR* or *FGFR* mutations or *BCR*/*ABL1*); eosinophilia should be considered clonal^c^In a group of patients, HER might be caused/triggered by other as yet unknown processes because no increase in eosinophilopoietic cytokine levels can be documented

### Somatic Mutations {#Sec23}

HES with somatic genetic mutation PDGFRA/B-FGFR1 fusion accounts for a minority of cases (median = 23%, range 3--56%) \[[@CR205]\]. In developing countries, FIP1L1-PDGFRA fusion occurs in approximately 10--20% of patients with idiopathic hypereosinophilia \[[@CR205], [@CR206]\], usually young adults/adults and, less commonly, children and elderly \[[@CR207]--[@CR210]\]. Most patients with FIP1L1-PDGFRA fusion or myeloproliferative variants are male \[[@CR205], [@CR211], [@CR212]\], while other eosinophilia subtypes do not show gender differences. Other rearrangements such as BCR/ABL1 are far less common than FIP1L1-PDGFRA.

### HES: The Clinical Phenotype {#Sec24}

The clinical presentation of HES is heterogeneous and nonspecific (weakness, fatigue, dyspnea, myalgias, angioedema, rash, fever, rhinitis, and diarrhea) \[[@CR213]\]. Patients demonstrate leukocytosis (e.g., 20,000--30,000/mm^3^ or higher) with eosinophilia in the range of 30--70%, neutrophilia, basophilia, myeloid immaturity, and both mature and immature eosinophils with varying degrees of dysplasia \[[@CR214]\]. Anemia occurs in more than 50% of patients; thrombocytopenia, bone marrow eosinophilia with Charcot--Leyden crystals, and possible increased blasts and marrow fibrosis can also recur \[[@CR198], [@CR202]\]. Skin is the most commonly affected tissue (about 70% of patients), followed by lung and gastrointestinal manifestations in 40% and 30% of cases, respectively.

### Eosinophilic Disease: The Cardiac Phenotype {#Sec25}

Cardiac involvement occurs in 20% of patients \[[@CR214], [@CR215]\] and affects the myocardium, endocardium, and valves. The release of toxic mediators by interstitial eosinophils is associated with heart failure. Endocardial infiltration causes mural thrombi with increased embolic risk. Late phases are characterized by endocardial fibrosis manifesting with restrictive physiology. Valve regurgitation occurs when mural endocardial thrombosis and fibrosis involve mitral or tricuspid valve leaflets \[[@CR214], [@CR215]\]. Cardiac involvement is a major cause of morbidity and mortality in HES \[[@CR216]--[@CR219]\]. The disease course is divided into three stages: (1) an acute necrotic stage, (2) a thrombotic stage, and (3) a fibrotic stage. The *early, acute necrotic stage* is characterized by eosinophilic and lymphocytic infiltration; eosinophils undergo degranulation in the myocardial interstitium, releasing biologically active factors that cause myocyte injury (Fig. [4.5](#Fig5){ref-type="fig"}). In the *thrombotic stage*, mural thrombi stratify on the endocardium. Endocardial thrombophilia is likely promoted by the release of antifibrinolytic mediators such as PAI-2 and thrombomodulin-eosinophilic proteins that impair the anticoagulant property of the endocardial cells \[[@CR209]\]. Thrombi most commonly involve the ventricular apex and further extend to subvalvular regions and, occasionally, to atria. In the *scarring (fibrotic) stage,* both ventricles and subvalvular structures of the atrio-ventricular valves are involved. The functional phenotype is typically restrictive, as in endomyocardial fibrosis \[[@CR217], [@CR218]\].Fig. 4.5Acute eosinophilic myocarditis in a patient with HE without known triggers/toxic substances. The FIP1L1-PDGFRA rearrangements tested negative. Full clinical recovery occurred in 4 weeks after steroid treatment

### EGPA (formerly Churg--Strauss Syndrome): Familial Clustering and Genetics {#Sec26}

EGPA is a systemic necrotizing vasculitis that affects small-to-medium-sized vessels \[[@CR202]\]. EGPA belongs to the group of antineutrophil cytoplasm antibody (ANCA)-associated vasculitis (AAV) and is characterized by blood and tissue eosinophilia and asthma, thus distinct from granulomatosis with polyangiitis (Wegener's) and microscopic polyangiitis. ANCA positivity ranges from 30 to 70% in EGPA patients but is usually less frequently observed than in other AAV. Diagnostic and management algorithms for EGPA are reported in the corresponding chapter of this book. Although repeatedly mentioned in review articles, the contribution of germline mutations to EGPA remains elusive. A few reports describe familial clustering of EGPA: a sib pair, brother and sister \[[@CR220]\], two sisters \[[@CR221]\], and father and son \[[@CR222]\]. The precise cause is unknown and genetic determinants or contributors remain unexplored. However, exceptional cases of organ transplantation in identical twins and different reactions to the same medication seem to exclude a genetic basis or predisposition to EGPA. One is a pair of twins in which one affected by EGPA received the identical twin graft with rejection-free excellent clinical results \[[@CR223]\]. The second example is a pair of twins, both affected by asthma and treated with the same drug (leukotriene receptor antagonists, by instance, suspected to cause EGPA): one twin developed EGPA and the other did not \[[@CR224]\]. Nevertheless, the search for risk factors or susceptibility continues to be an object of interest. Genetic studies that investigate the group of AAV \[granulomatosis with polyangiitis (Wegener's) (GPA), microscopic polyangiitis (MPA), and Churg--Strauss syndrome (CSS)\] showed that the genetic variants may vary in the three groups of AAV. As an example, the PTPN22 620 W allele confers susceptibility to the development of GPA but not to MPA or CSS \[[@CR225]\]. The Lys656Asn SNP in the LEPR gene is positively associated with Wegener granulomatosis but not with CSS \[[@CR226]\]. SNPs in the CCL26 gene (MIM∗604697) that encode the chemokine Eotaxin-3 were initially described as associated with disease susceptibility and were later found not to predict the risk of disease, irrespective of the fact that serum eotaxin-3 is a sensitive and specific marker for the diagnosis of active CSS suitable for routine clinical practice \[[@CR227]\]. Therefore, current evidence does not support a role for genetic variants in susceptibility to EGPA.

Inherited Primary Immunodeficiency Diseases (PID): Myocarditis and VARIABLE Cardiovascular Involvement {#Sec27}
======================================================================================================

In PIDs, infections and inflammation are the complication and not the cause. The number of correctly diagnosed PID patients is progressively growing, with increased identification of previously unknown disease genes and availability of specific genetic tests. PIDs encompass a broad spectrum of inheritable disorders that are associated with increased susceptibility to infections, immune dysregulation, and malignancies \[[@CR228]\]. PIDs are complex diseases with wide overlap (infection and/or malignancy) and immune dysregulation (auto-inflammation, auto-immunity, and/or allergy). The last classification guides the genetic and molecular diagnosis of patients with these rare diseases \[[@CR228], [@CR229]\]. However, the classification is complex (Table [4.9](#Tab9){ref-type="table"}) and the extent and impact of these diseases on the cardiovascular system is far from being elucidated. Nonetheless, cardiologists are involved in the management of these patients, especially when myocarditis complicates the course of the disease. An example of PID with divergent cardiac phenotypes (HCM and myocarditis) seems appropriate to give the perception of the complexity of the clinical manifestations.Table 4.9Primary immunodeficiency syndromes (PID)PID typeInheritance and disease genesCellular and humoral immunity• X-linked: *IL2RG*• Autosomal recessive *JAK3, IL7RA, PTPRC, CD3D, CD3E, CD3Z, CORO1A, RAG1, RAG2, ARTEMIS, PRKDC, VDj, LIG4, AK2, ADA, DOCK2, CD40LG, CD40, ICOS, CD3G, CD8A, ZAP70, TAP1, TAP2, TAPBP, B2M, CIITA, RFXANK, RFX5, RFXAP, ITK, MAGT1, DOCK8, RHOH, STK4, TRAC, B2M, IL21, MAP3K, CTPS1, LCK, MALT1, CARD11, BCL10, IL21, IL21R, OX40, IKBKB, LRBA, CD27, NIK, CTPS1, Omenn syndrome (hypomorphic mutations in RAG1, RAG2*, *Artemis, IL7RA*, *RMRP, ADA, DNA Ligase IV, IL2RG*, *AK2*) or associated with DiGeorge syndromeCombined immunodeficiencies with associated or syndromic features• X-linked: *Wiskott--Aldrich syndrome (WAS); WAS gene*• Autosomal recessive: *WIPF1, ATM, NBS1, BLM, DNMT3B, ZBTB24, PMS2, RNF168, MCM4,Contiguous gene deletion in chromosome 22q11.2 or mutation of a gene within this deletion region, TBX1 (DiGeorge Syndrome); CHARGE Syndrome (CHD7, SEMA3E, FOXN1, RMRP, SMARCAL1, STAT3, SPINK5, PGM3, DKC1, NOLA2, NOLA3, RTEL1, TERC, TERT, TINF2, TPP1, DCLRE1B, PARN, TCN2, SLC46A1, MTHFD, NEMO /IKBKG, IKBA (NFKIAB), ORAI1, STIM1, SP110, POLE1, TTC7A, EPG5, PNP, HOIL1/RBCK1, HOIP1 (/RNF31), CCBE1, STA5B*Predominantly antibody deficiencies1. ↓ of serum immunoglobulin isotypes with decreased or absent B cells • X-linked*: BKT,* • Autosomal recessive*: IGHM, IGLL1, CD79A, CD79B, BLNK, PIK3R1, TCF3,*2. ↓ of at least two serum immunoglobulin isotypes with normal or low number of B cell • Autosomal recessive*: CD19, CD81, CD20, TNFRSF13B, TNFRSF13C, TWEAK (TNFSF12), NFKB2, TRNT1, TTC37,*3. ↓ of serum IgG and IgA with normal/elevated IgM and normal numbers of B cells • Autosomal recessive*: AICDA, UNG, MSH6,*4. Isotype or light chain deficiencies with generally normal numbers of B cells • Autosomal dominant*: PIK3CD, PIK3R1, CARD11* • Autosomal recessive*: deletion at 14q32, Kappa constant gene, CARD11*Diseases of immune dysregulation1. Familial hemophagocytic lymphohistiocytosis (FHL) syndromes 1.1 FHL syndromes without hypopigmentation   • X-linked*: SH2D1A, XIAP*   • Autosomal recessive*: PRF1, UNC13D, STX11, STXBP2.* 1.2 FHL syndromes with hypopigmentation   • Autosomal recessive*: LYST, RAB27A, AP3B1, PLDN,*2. T-regulatory cells genetic defects • X-linked*: FOXP3,* • Autosomal recessive*: IL2RA* • Autosomal dominant*: CTLA4*Congenital defects of phagocyte number, function, or both1. Congenital neutropenias • Autosomal dominant*: ELANE, GFI1,* • Autosomal recessive*: HAX1, G6PC3, VPS45, G6PT1, ROBLD3/LAMTOR2, TAZ, CPH1, C16ORF57 (USB1), JAGN1, CLPB, CSF3R,* • X-linked*: WAS,*2. Defects of motility • Autosomal recessive*: IRGB2, KINDLIN3, FPR1, CTSC, C/EBPE, SBDS,* • Autosomal dominant*: RAC2, ACTB*3. Defects of respiratory burst • X-linked*: CYBB* • Autosomal recessive*: CYBA, NCF1, NCF2, NCF4,*4. Other defects: • Autosomal dominant*: GATA4, CSF2RA*Defects in intrinsic and innate immunity1. Mendelian susceptibility to mycobacterial disease (MSMD) • X-linked*: CYBB* • Autosomal recessive: *IL12RB1*, *IL12B*, *IFNGR1* (also AD), *IFNGR2*, *STAT1*, *TYK2*, *ISG15*, *RORC*, *TMC6*, *TMC8*, *CXCR4*, • Autosomal dominant: *IRF8*2. Epidermodysplasia verruciformis • Autosomal recessive: *TMC6, TMC8, CXCR4,*3. Predisposition to severe viral infection • Autosomal recessive: STAT1, STAT2, IRF7, CD16,4. Herpes simplex encephalitis (HSE) • Autosomal dominant and autosomal recessive*: TLR3, TRIF,* • Autosomal dominant: *TRAF3, TBK1,* • Autosomal recessive: *UNC93B1*5. Predisposition to invasive fungal diseases • Autosomal recessive: *CARD9*6. Chronic mucocutaneous candidiasis (CMC) • Autosomal dominant: *IL17F*, *STAT1*, • Autosomal recessive: *IL17RA*, *IL17RC*, *ACT1 (TRAF3IP2)*,7. TLR signaling pathway deficiency • Autosomal dominant*: RPSA, APOL-I (trypanosomiasis)* • Autosomal recessive: *IARK4*, *MYD88*,Auto-inflammatory disorders1. Defects effecting the inflammasome • Autosomal dominant and autosomal recessive*: MEFV,* • Autosomal dominant*: NLRP3, NLRP12, NLRP3, NLRC4, PLCG2, PLCG2, TNFRSF1A, PSTPIP1 (C2BP1), NOD2 (CARD15), CARD14, SH3BP2, COPA,* • Autosomal recessive*: MVK, ADAM17, LPIN2, IL1RN, IL36RN, SLC29A3, PSMB8,*Complement deficiencies1. Integral complement cascade component deficiencies • Autosomal dominant*: C3* • Autosomal recessive*: C1QA, C1QB, C1QC, C1R, C1S, C4A, C4B, C2, C3, C5, C6, C7, C8A, C8G, C9, MASP2, FCN3,*2. Complement regulatory defect*s* • X-linked*:* CF • Autosomal dominant and autosomal recessive*: CFH, CFHR1-5,* • Autosomal dominant*: SERPING1, CFB, THBD, CD46,* • Autosomal recessive*: CFD, CFI, ITGAM, CD59*Phenocopies of PIDAssociated with somatic mutations • *TNFRSF6, KRAS, NRAS, NLRP3,*Associated with autoantibodies • *AIRE*

The Omenn Syndrome (OMIM\# 603554) {#Sec28}
----------------------------------

Children with Omenn Syndrome may have erythroderma, lymphadenopathy, eosinophilia, and profound immunodeficiency hepatosplenomegaly, failure to thrive, diarrhea, and alopecia; common laboratory abnormalities are eosinophilia and increased IgE, lymphocytosis, anemia, hypogammaglobulinemia, hypoproteinemia, and reduced lymphoproliferative responses to mitogens. Characteristic pathology includes thymic dysplasia, loss of B-cell-containing regions within the reticuloendothelial system, and extensive infiltrates of eosinophils and interdigitating reticular cells. The spectrum of cardiac involvement ranges from myocarditis to hypertrophic cardiomyopathy (HCM). In children with Omenn syndrome, cytomegalovirus (CMV) infections, which often run asymptomatic, can cause fatal CMV myocarditis \[[@CR230]\]. Pathology may show pancarditis with eosinophil-rich inflammatory infiltrate in the myocardium \[[@CR231]\]. Endomyocardial biopsy may show a mild T lymphocyte and histiocyte infiltrate and lack of myocyte hypertrophy \[[@CR232]\]. Other manifestations include biventricular hypertrophy, impaired left ventricular systolic function, and severe sinus bradycardia, possibly secondary to endomyocardial disease caused by eosinophilia \[[@CR233]\]. Successful bone marrow transplantation (BMT) has been reported in a patient with hypertrophic nonobstructive cardiomyopathy who developed BCG infection following neonatal vaccination \[[@CR234]\].

Myocarditis in Immunocompromised Patients: Humoral Immunity {#Sec29}
-----------------------------------------------------------

### Agammaglobulinemia {#Sec30}

Patients with X-linked agammaglobulinemia (XLA), a primary immunodeficiency caused by mutations in the gene that codes for Bruton tyrosine kinase (BTK), demonstrate deficient development of B lymphocytes and hypogammaglobulinemia. Infections are the most common clinical presentation (85%), followed by a positive family history (41%) and neutropenia (11%). Myocardial involvement is rare. Patients commonly manifest otitis (70%), pneumonia (62%), sinusitis (60%), chronic/recurrent diarrhea (23%), conjunctivitis (21%), pyoderma and/or cellulitis (18%), meningitis/encephalitis (11%), sepsis (10%), septic arthritis (8%), hepatitis (6%), and osteomyelitis (3%) \[[@CR235]\]. BTK inhibitors are used for treatment of leukemia; these patients are exposed to high risk of pneumonia; the risk of myocarditis is unknown. However, polymorphisms in genes coding IL-6 and IL-10 and Fcg RIIa receptors (B lymphocyte growth and differentiation factors) increase susceptibility to pneumonia. In case of humoral immunodeficiency, antibody replacement therapy may be indicated \[[@CR236]\].

### Hypogammaglobulinemia {#Sec31}

Patients with hypogammaglobulinemia, both inherited and acquired, are exposed to high risk of infections, in particular to those controlled through humoral immunity, such as picornaviridae infections. Bi-allelic mutations in *LRBA* (from *Lipopolysaccharide-responsive and beige-like anchor protein*) cause primary immunodeficiency with clinical features ranging from hypogammaglobulinemia and lymphoproliferative syndrome to inflammatory bowel disease and heterogeneous autoimmune manifestations \[[@CR237]\]. A recent report describes the case of a 16-year-old female affected by systemic lupus erythematosus that was diagnosed 6 years before. She was admitted to hospital with chest pain and dyspnea. Her hypogammaglobulinemia was iatrogenic and secondary to rituximab treatment. The key clinical diagnosis was myocarditis caused by human parechovirus (HPeV) (*Picornaviridae* family of RNA viruses). The diagnosis of myocarditis was clinically suspected and confirmed with endomyocardial biopsy. IVIG therapy did not prevent encephalitis \[[@CR238]\]. Patients, especially children, affected by hematologic-oncologic disorders and solid organ malignancies and appropriately treated for their disease, may develop neutropenia and decrease of their serum immunoglobulin levels. In these patients, the risk of myocarditis (bacterial and viral) is high; as such, when presenting with signs of heart failure, myocarditis should be considered and a precise diagnosis (presence of myocarditis and cause) should be obtained because of the associated mortality, even in patients with disease remission \[[@CR239]\].

Congenital Neutropenia {#Sec32}
----------------------

The term "congenital neutropenia" encompasses a large group of permanent and intermittent neutropenic diseases defined by severely (\<0·5 × 10^9^/L) or mildly (0·5 and 1·5 × 10^9^/L) reduced neutrophil count. The diseases are characterized by clinical and genetic heterogeneity and may affect the pancreas, central nervous system, heart, bone, muscle, and skin. The prevention and/or control of infections, the management of associated organ dysfunction, and the prevention of leukemic transformation constitute the main treatment targets \[[@CR240]\]. Information on cardiac involvement in the numerous and complex types of congenital neutropenia is in its infancy and many of these diseases have recently been characterized on the genetic-molecular level. In addition, they are very rare, clinically heterogeneous, and often burdened by early extracardiac complications that may limit their complete phenotypic expression. However, future scientific developments can broaden horizons for expanding the knowledge of the pathogenic mechanisms of cardiac infections. The heart is involved in many of these diseases. For some of them, cardiac manifestations are being characterized and classified, with two possible major phenotypes: congenital heart disease (CHD) and myocarditis/cardiomyopathy. Two examples can underscore the importance of ongoing clinical research in this area.

### Severe Congenital Neutropenia Type IV (SCN IV or SCN4) or G6PC3 Deficiency {#Sec33}

SCN4 is an autosomal recessive disease characterized by severe congenital neutropenia, intermittent thrombocytopenia, prominent superficial venous circulation, congenital heart defects \[atrial septal defect (ASD) being the most common\], and urogenital malformations \[[@CR241]\]. Although most cases are syndromic, non-syndromic forms are also reported \[[@CR242]\]. The description of the spectrum of the phenotype is expanding and definitive SCN4 phenotype/genotype has not been established thus far. The recurrent p.Gly260Arg mutation has been identified in nine different patients with ASD type 2 \[[@CR241], [@CR243]--[@CR245]\]. Treatment with granulocyte colony-stimulating factor restores the absolute neutrophil count and neutrophil functional competence. Myocarditis has not been described. However, this new field of knowledge, given the cardiovascular relevance and the possibility that SCN4 manifests with non-syndromic phenotype, must at least be known by cardiologists and reported to hematologists when these patients present with neutropenia and/or thrombocytopenia and/or associated CHD.

### Shwachman--Diamond Syndrome (SDS) {#Sec34}

SDS is an autosomal recessive disorder characterized by bone marrow failure and exocrine pancreatic dysfunction \[[@CR246]\]. Two kinds of cardiac involvement have been described: "cardiomyopathies with heart failure (myocardial fibrosis and histopathological necrosis)" and CHD \[[@CR247]--[@CR249]\]. Recently, a case of dilated cardiomyopathy with refractory heart failure was reported in a 15-year-old girl with SDS \[[@CR250]\]. Of 102 patients with genetically proven SDS, 12 had cardiac abnormalities: six had cardiomyopathy and six had CHD \[[@CR251]\]. The pathologic substrates of systolic dysfunction are still unexplored, with few sporadic cases describing DCM with myocardial fibrosis. However, cardiac evaluation is also a major clinical need before and during cardiotoxic chemotherapy in case of hematopoietic stem cell transplantation (HSCT) \[[@CR252]\]. The cardiac marker potentially predicting the progression to heart failure is circumferential strain ε(cc) that is abnormal in 33% of cases prior to HSCT and 33% of those who had undergone HSCT in those with normal left ventricular ejection fraction \[[@CR253]\].

Auto-Inflammatory Syndromes (AIS) and Myocarditis {#Sec35}
=================================================

Introduction {#Sec36}
------------

Auto-inflammatory syndromes (AIS) encompass a large group of diseases clinically characterized by recurring inflammatory manifestation with variable organ involvement and febrile episodes \[[@CR254]\]. The classification is complex and the number of diseases and related genetic causes is continuously expanding \[[@CR255], [@CR256]\]. The term auto-inflammation links the phenotypes with the defects of innate immune-mediated inflammation and distinguishes the related diseases from those caused by the dysfunction of adaptive immune function, i.e., those associated with autoimmune disorders. The number of myocarditis described in auto-inflammatory disease is low. The reasons may be that myocarditis is indeed very rare, or that, in the syndromic setting in which myocarditis may occur, the involvement of other organs and systems determines the phenotype and the course of the disease, or that our limited knowledge prevents precise phenotype description of AIS with myocardial involvement. Nevertheless, myocarditis deserves to be mentioned in the context of the AIS because it can occur and because its presence and evolution can seriously alter the clinical course of these patients.

Major Groups of AIS {#Sec37}
-------------------

*IL-1-mediated auto-inflammatory syndromes* include familial Mediterranean fever (FMF) that is the first systemic auto-inflammatory disorder to be genetically characterized. FMF is a rare autosomal recessive disease caused by homozygous or double heterozygous mutations in the *MEFV* gene encoding pyrin \[[@CR257]\]. Another systemic auto-inflammatory disorder, the autosomal dominant receptor-associated periodic fever syndrome (TRAPS), was identified after the discovery of the *TNFR1 g*ene, which encodes the extracellular domains of the 55 kDa TNF receptor \[[@CR258], [@CR259]\]. Both FMF and TRAPS manifest with unexplained fevers, skin rashes, serositis, and arthralgias, in variable combinations. Myocarditis is uncommonly reported in both disorders and other IL-1-mediated auto-inflammatory syndromes \[[@CR260]\], with pericarditis being much more common and potentially limiting the distinction of myocarditis from pericarditis.

*In the IL-18-mediated auto-inflammation* and susceptibility to macrophage-activation syndrome (MAS), myocarditis can be a complication of the underlying phenotype \[[@CR261]\]. The disease gene is *NLRC4* and the diagnostic marker is the high level of IL18 that results from spontaneous and induced macrophage activation and pyroptosis. However, the levels of IL18 are not routinely measured in patients with suspected myocarditis; therefore, a diagnostic marker for a very rare disease is missing in clinical practice.

*The A20 haplo-insufficiency-related syndromes* are gaining attention for the new association with adult-onset Still's Disease (AOSD), a condition in which myocarditis is not uncommon. AOSD is a rare disease clinically characterized by fevers, arthritis, and skin rash. The etiology is unknown, but recent advances in the identification of the causes and characterization of the phenotypes of AIS are lending way to identifying the specific cause(s). As anticipated, A20 haplo-insufficiency (HA20) is one of the causes of AIS \[[@CR262]\]. The A20 protein, which is encoded by the *TNFAIP3* gene, is a critical inhibitor of pro-inflammatory signaling pathways and is involved in negative regulation of auto-inflammation and autoimmunity \[[@CR263]\]. The clinical phenotypes associated with HA20 are heterogeneous, including autoimmune diseases (Behçet's disease, hereditary fever-like condition, juvenile idiopathic arthritis, systemic lupus erythematosus, and rheumatoid arthritis) and, recently, AOSD: a splice site mutation on the *TNFAIP3* gene has been identified in a patient previously diagnosed with adult-onset Stills' disease (AOSD) \[[@CR264]\]; once correctly diagnosed, the patient was successfully treated with anti-IL6 receptor biologic tocilizumab \[[@CR265]\]. Myocarditis has been repeatedly reported in AOSD, presenting as myocarditis-pericarditis \[[@CR265]--[@CR274]\], with pericarditis occurring in more than 50% of cases \[[@CR265]\]. Coronary arteritis has also been described \[[@CR272]\]. In most cases, the diagnosis of myocarditis was formulated on the basis of clinical, biochemical, and imaging criteria. An appropriate endomyocardial biopsy study, however, should be performed to distinguish pericarditis from myocarditis, mostly because the chronic consequences can be different, irrespective of the cause.

*The interferon-mediated auto-inflammatory diseases* (or type I interferonopathies or IFN-mediated auto-inflammatory diseases (IMADs)) are defined by the chronic excessive type I interferon (IFN) production \[[@CR275]\] and include the group of *Aicardi--Goutières Syndromes* (AGS), in which the "cardiomyopathy" phenotype is part of the spectrum of clinical manifestations of these diseases (Table [4.10](#Tab10){ref-type="table"}). AGS are characterized by hypothyroidism, chilblains, glaucoma, cardiomyopathy, intracerebral vasculitis, peripheral neuropathy, bowel inflammation, and systemic lupus erythematosus \[[@CR276]\]. AGSs (types 1--7) are auto-inflammatory diseases caused by mutations of genes involved in nucleic acid metabolism/signaling (*TREX1*, *RNASEH2A*, *RNASEH2B*, *RNASEH2C*, *SAMHD1*, *ADAR*, or *IFIH1)* and can manifest with in utero disease onset or with postnatal presentation, usually within the first year of life, with subacute encephalopathy (Table [4.10](#Tab10){ref-type="table"}) \[[@CR277]\]. The pathology of affected hearts is still largely unexplored. Cardiac involvement has been described as infantile-onset hypertrophic cardiomyopathy with hypothyroidism and demyelinating peripheral neuropathy. Whether the pathologic substrate of the cardiomyopathy has inflammatory origin is still unknown \[[@CR278]\]. The absence of Trex1 (*TREX1* is one of the known disease genes causing AGS) in mice causes myocarditis \[[@CR278]\]. The enzyme degrades endogenous retro-elements, thus linking them to autoimmune disease. In the Trex1-null mouse, an FDA-approved drug that inhibits reverse transcriptase can improve the myocarditis, indicating that retro-elements (RE) play a role in this hereditary form of autoimmunity and that administration of RE inhibitors might ameliorate AGS \[[@CR279]\]. The possible association of mutations in other genes associated with *AGS* and myocarditis is still unexplored. However, mutations in *IFIH1* cause *Singleton-Merten syndrome 1* (SMS1), which is allelic at the same locus of *AGS7* and may manifest with cardiomegaly, heart failure, and conduction disease. The syndrome (aortic calcification, dental anomalies, osteopenia and acro-osteolysis, glaucoma, psoriasis, muscle weakness, joint laxity and abnormal facies traits with broad forehead, high anterior hairline, smooth philtrum, and thin upper vermilion border) is unlikely to escape clinical detection \[[@CR280]\]. In addition, very recent experimental studies explored the involvement of adenosine deaminases acting on RNA 1 (*ADAR1*) (AGS6) in inflammatory diseases, cancer, and host defenses against viral infections. ADARs are enzymes that regulate RNA metabolism through post-transcriptional mechanisms. In particular, the complex ADAR1p150/DICER promotes the expression of miRNA-222 that is highly expressed in cardiac myocytes in viral myocarditis. In cultured cells, miR-222 suppresses PTEN expression. These preliminary experimental studies suggest that ADAR1p150 could play a role in gene expression in viral myocarditis \[[@CR281]\]. The cardiovascular impact of type I interferonopathies such as AGS (TREX1 and IFIH1 in particular) could go beyond possible myocardial inflammation and expand to primary pulmonary hypertension \[[@CR282]\] as well as to the risk of coronary artery disease \[[@CR283]\].Table 4.10Aicardi-Goutieres syndromesPhenotypePhenotype MIM numberInheritanceChromosomeGene/LocusGene/MIM numberAicardi-Goutieres syndrome 1225750AD, AR3p21.31*TREX1*606609Aicardi-Goutieres syndrome 2610181AR13q14.3*RNASEH2B*610326Aicardi-Goutieres syndrome 3610329AR11q13.1*RNASEH2C*610330Aicardi-Goutieres syndrome 4610333AR19p13.13*RNASEH2A*606034Aicardi-Goutieres syndrome 5612952AR20q11.23*SAMHD1*606754Aicardi-Goutieres syndrome 6615010AR1q21.3*ADAR*146920Aicardi-Goutieres syndrome 7615846AD2q24.2*IFIH1*606951

Conclusions {#Sec38}
===========

Based on the current state of knowledge on myocarditis, we can say that infectious myocarditis is not in fact a genetic disease, as in the absence of an infectious pathogen, there is no myocarditis. However, a rigorous attempt is being made to establish who and why, with equal exposure to the same pathogen, develops myocarditis. Individual gene variants are candidates to play a role in both disease susceptibility/predisposition and contribute to the severity of phenotypes and outcomes observed in different patients with myocardial infections caused by the same pathogens.

Non-infectious myocarditis, excluding exogenous toxic exposures, may have a hereditary basis or be strongly influenced by genetic factors. It is clinically difficult to distinguish acquired and inherited forms, further because the hereditary forms are often passed as recessive traits. Finally, inherited diseases in immunodeficiency syndromes and auto-inflammatory diseases can have overlapping causes and phenotypes in which myocarditis may occur. These are often syndromic disorders. Many of them have been identified only recently, and the number of reported and proven cases is limited to a few case reports or small clinical series. This clinical area is also continuously expanding, and in the short term, we expect radical changes in our knowledge and understanding of the mechanisms and causes of myocarditis. A critical point remains unsolved: true myocarditis is that diagnosed on tissue biopsy, at least until molecular imaging techniques are readily and routinely available, to demonstrate not the myocardial edema, but the inflammatory interstitial cells. Until then, we can accept a scientific literature that is based on non-biopsy diagnoses, but we retain the belief that, in the absence of pathological evidence, not all diagnoses are correct. The cardiologist should lead the diagnostic work-up of these diseases as well as the clinical management of these patients.
